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NATIONAL ADVISORY COMMmTEF: FOR AERONAUTICS 

ACOUSTIC FILTEXS 

By Don D. Davis Jr. 

NACA Langley Aeronautical Laboratory 

INTRODUCTION 

The subject of this discussion i s  the acoustic f i l t e r  or, more pre- 
c isely,  the use of acoustic f i l t e r s  t o  reduce noise levels .  
e s t  sense, almost any device inserted i n  a duct o r  pipe l i n e  can be 
regarded as an acoustic filter. 
that has been inserted i n  a duct. I n  the duct a t  the l e f t  of the f i l t e r  
i s  an arrow labeled "acoustic input," and at the r igh t  i s  another arrow 
.labeled "output. 
output i s  substant ia l ly  l e s s  than the input over a frequency range t h a t  
i s  useful in noise control. 

I n  the broad- 

Figure 1 shows a device, labeled " f i l t e r "  

11 This discussion concerns f i l t e r s  f o r  which the acoustic 

In  noise-control work, the need f o r  an acoustic f i l t e r  usually is 
encountered when it becomes necessary t o  transport  a i r  o r  other gases from 
one place t o  another through a duct o r  tube. If one of t h e  requireFents 
of the duct ins ta l la t ion  i s  that the transmission of noise through the 
duct be held t o  a minimum, then some device m u s t  be inserted i n  the duct 
t o  accomplish this.  For example, in an air-conditioning system, an acous- 
t i c  requirement i s  tha t  the conditioned a i r  be dis t r ibuted and exhausted 
without allowing noise that may be generated at blowers, at  the condi- 
t ioning unit ,  o r  i n  flowing through the ducts t o  enter the air-conditioned 
rooms. 
attenuating device i n  the ducting i t s e l f .  

These requirements can be m e t  only by inserting some acoustic 

One of the problems encountered i n  the in s t a l l a t ion  of in te rna l  com- 
bustion engines is  tha t  of reducing the intake and exhaust noise t o  accept- 
able values. This may be accomplished by inserting mufflers i n  the intake 
and exhaust ducting t o  attenuate the, pressure pulsations before they reach 
the surrounding atmosphere. 

I n  some cases, the acoustic problem is not t o  reduce noise that 
annoys or  endangers people, but to  reduce pressure pulsations that endanger 
engineering structures.  I n  gas pipe l ines ,  fo r  example, i f  pressure pulsa- 
t ions  reach excessive magnitude, the l i f e  of the pipe is reduced and the 
gipe may even f a i l .  
pressure pulsations i n  the pipe line. 

The acoustic problem here i s  t o  prevent excessive 

The acoustic problems i n  the preceding examples are similar i n  prin- 
c iple .  
l e m s ,  would show pulsating or  alternating-current flows a t  several dif- 
fe ren t  frequencies superimposed on an average direct-current flow of gas. 

A harmonic analysis of the flow i n  the duct, i n  any of these prob- 
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The acoustic problem is. t o  impede the alternating-current flow as much as 
is  pract ical ,  w h i l e  a t  the same time allowing the direct-current flow t o  
pass. The type of f i l t e r  that w i l l  s a t i s fy  these requirements is  a low- 
frequency-pass f i l t e r  with a cut-off frequency below the lowest alternating- 
current frequency that i s  present i n  the duct. The majority of f i l t e r  prob- 
lems that are encountered by noise-control engineers e n t a i l  the design of 
this type of f i l ter ;  hence, this  discussion will be limited t o  low-pass 
f i l t e r s .  
the duct not be excessive - often influences the type and s i ze  of f i l t e r  
that i s  employed. 

A nonacoustic requirement. - that t k  s+,a+,ic press-i-e L-op ix 

BASIC PRINCIPLES 

Two basic principles are used t o  obtain the f i l t e r i n g  action. The 
first is  absorption. T h i s  is i l lus t ra ted  in  figure 2, where an acoustic 
input is fed into a device that is  capable of absorbing sound energy. A 
large f rac t ion  of the acoustic input energy is  converted in to  heat by the 
sound-absorbing material i n  the f i l t e r ,  and only a small par t  escapes as 
noise output. Sod-absorbent  materials are  i n  general use f o r  reducing 
high-frequency noise. 
duct with absorbent material, and t h i s  is  very effect ive i n  the frequency 
range where the absorption coefficient of the material  i s  high. Figure 3 
shows the transmission loss as a function of frequency fo r  a typ ica l  duct 
l ined  with sound-absorbent material. Note tha t  the transmission loss  i s  
grea tes t  i n  the v ic in i ty  of &N cycles per second. A t  frequencies below 
about xx) cycles per second, th i s  l ined  duct is  not very effect ive i n  
reducing the transmission of noise. 

A typical arrangement i s  t o  l i n e  the w a l l s  of a 

The effectiveness a t  low frequencies can be increased considerably 
i f  the thickness of the absorbent l in ing  is inckeased, o r  i f  an air  space 
i s  provided between the absorbent material  and the outer w a l l  of the duct, 
as i s  shown i n  figure 4. 
in te rva ls  along the duct t o  prevent sound transmission alorg the air  
space. T h i s  type of s t ructure  can be tuned t o  provide peak transmission 
loss a t  a selected frequency by varying such quant i t ies  as the air  space 
dimensions and the density and thickness of the  layer of acoustic absorb- 
ent .  The transmission loss curve i n  figure 4 shows the character is t ics  
of a par t icular  duct of this type ( re f .  1). Note that the maximum trans- 
mission loss occurs at about 100 cycles per second. Note also that the 
effectiveness of this tuned duct decreases rapidly w i t h  increasing f re -  
quency, so that i f  it i s  necessary t o  provide attenuation over a wide 
range of frequencies, d i f fe ren t  p a r t s  of the duct must be tuned t o  dif- 
fe ren t  frequencies. 
where d i f fe ren t  structures,  or even different  techniques, must often be 
used i n  combination t o  solve a single noise problem. 
in the design of f i l t e r s  of t h i s  type may be found i n  references 1 - 5.  

Solid baffles are  placed i n  the air  space a t  

This i s  typical of many noise-reduction problems, 

Information useful  
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The second basic principle that i s  used i n ' f i l t e r  design is  t h a t  of 
ref lect ion.  T h i s  i s  i l l u s t r a t ed  i n  figure 5. The sketch a t  the  top of 
th i s  figure shows a device inserted i n  ser ies  with a duct. If the imped- 
ance a t - the  discontinuity between the duct and t h i s  device i s  e i the r  much 
higher o r  much lower than the characterist ic impedance of the duct, there 
i s  a serious mismatch at this point. U n d e r  these conditions, when a sound 
wave traveling through the duct arr ives  at  the discontinuity, only a small 
f ract ion of the sound energy can be t.rmsm3t.ted. The rest  of the  eEer €3 
goes into a ref lected wave that originates a t  the discontinuity and t rave ls  
back down the duct toward the source. 

The lower sketch shows a device inserted i n  pa ra l l e l  w i t h  t he  duct. 
If the impedance of t h i s  device is very high, it w i l l  have l i t t l e  e f fec t  
on the transmission of sound. I f ,  on the other hand, the impedance is  
much lower than the characterist ic impedance .of the duct, there w i l l  
again be a serious mismatch and o n l y  a small f ract ion of the incident 
,sound energy w i l l  be transmitted. 
show why noise reduction i s  obtained with f i l t e r s  of this type. 
impedance of the pa ra l l e l  f i l t e r  i s  zero, the f i l t e r  ac ts  as a short  
c i r c u i t  i n  the duct. 
c i rcu i t ;  none can be transmitted into the duct beyond the f i l t e r .  

Consideration of a l imiting case w i l l  
If the 

A l l  of the acoustic energy m u s t  flow in to  this short  

A t  this point it may be w e l l  t o  point out that  the effectiveness of 
a f i l t e r  depends t o  some extent on what becomes of the ref lected wave. 
This wave i s  carrying energy back toward the source and it i s  important 
t o  know, f o r  instance, whether the reflected-wave energy w i l l  add t o  the 
strength of the incident wave. This question w i l l  be considered later. 

A t  low frequencies, filters that operate on the principle of ref lec-  
t i o n  are often more effective than absorption f i l t e r s .  
when the frequency i s  high enough so that the sound wave length is  of the 
same order as the f i l t e r  dimensions, ref lect ion f i l ters are l i k e l y  t o  be 
ineffective.  I n  a par t icular  f i l t e r  design, it is, of course, possible 
(and often desirable) t o  use the principles of re f lec t ion  and absorption 
i n  combination. 
noise reduction depends on the frequency and the duct dimensions. 

On the other hand, 

The re la t ive  effectiveness of the two methods of obtaining 

The discussion up t o  this point has been concerned with describing 
the two basic principles that are used i n  f i l t e r  design. This discussion 
has been rather  general i n  nature and before it can become much more spe- 
c i f i c ,  it w i l l  be necessary t o  introduce some method of arriving a t  a 
numerical index of the effectiveness of a f i l t e r .  
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INSERTION U S S  AND !kANSMISSION USS 

The purpose of a f i l t e r  is  t o  reduce the noise level .  'Jence, t he  
most d i rec t  measure of the effectiveness of a f i l t e r  would be a comparison 
of the noise levels  with and without the f i l t e r  i n  the system. Unfortu- 
nately, however, the noise level of a par t icular  sound, which depends on 
the  subjective response of an individual o r  of a group t o  that sound, i s  
not a quantity amenable t o  p'hysical measurement. As a resu i t ,  the char- 
ac t e r i s t i c s  of a f i l t e r  a re  generally described i n  terms of the sound 
pressure, which i s  a quantity t h a t  i s  readi ly  and accurately measurable. 

I n  figure 6, the sketch a t  the top shows a sound source, a length of 
duct, and the termination of the duct. This termination might be, f o r  
instance, an opening into a room. The lower sketch shows a f i l t e r  added 
t o  this system. If the f i l t e r  is ins ta l led  i n  order t o  reduce the sound 
l e v e l  a t  the termination, the effectiveness could be determined by com- 
paring the sound pressures 
f i l t e r .  The inser t ion loss i s  a quantity that is  convenient f o r  making 
t h i s  comparison. It is  fundamentally defined, as shown in figure 6, i n  
terms of the logarithm of the pressure r a t io .  

pa, without t he  f i l t e r ,  and pb, with the  

If the  pressures are m e a s -  
ured with an instrument calibrated i n  terms of sound pressure level,  this 
defini t ion means that the insertion loss i s  simply the sound pressure 
l e v e l  without the f i l ter ,  
f i l t e r ,  SPLb. 

SpLa, minus the sound pressure level with the 

Another quantity that is  often used i n  discussing the character is t ics  
of f i l t e r s  is the transmission loss. This gives the relationship between 
the  energy i n  the incident wave a t  the i n l e t  of the f i l t e r  and the energy 
in the transmitted wave a t  the outlet .  The def ini t ion i s  given i n  f ig-  
ure 6. Note that the insertion loss compares pressures a t  a single point 
f o r  two  systems, one with a f i l t e r  and the other without a f i l t e r ;  whereas 
the  transmission loss  compares pressures a t  two points f o r  a single system, 
the  one tha t  includes the f i l t e r .  Although these two quant i t ies  axe dif- 
fe ren t  i n  general, i n  one particular case they are not. 
and terminating impedances are both equal t o  the chaxacterist ic impedance 
of the duct, then the inser t ion loss i s  equal t o  the transmission loss. 

If the source 

With a means f o r  specifying or  describing f i l t e r  performance a t  hand, 
it is now possible t o  consider the problem of f i l t e r  design i n  some de ta i l .  

FILTER DESIGN PROBLEM 

The problem that is  faced by the  f i l t e r  designer may be conveniently 
divided in to  three parts.  
ments i n  terms of engineering units. 

The f i r s t  i s  t o  formulate the design require- 
Normally this w i l l  involve the 
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specification of a curve of insertion loss o r  transmission loss plot ted 
against frequency. 
t h i s  curve throughout the frequency range. There i s  no intention t o  
discuss t h i s  par t  of the problem i n  the present lecture.  The second 
par t  of the f i l t e r  designer's problem i s  t o  arr ive a t  the physical con- 
figuration and dimensions for  a f i l t e r  that is intended t o  meet the spec- 
i f i e d  requirements. The t h i r d  p a r t  of the problem i s  t o  evaluate the  
performance of the f i l t e r  experimentally i n  order t o  determine whether 

The f i l t e r  performance m u s t  e i ther  meet or  exceed 

it is SatiSfELctGrJ- .  

Consider the second par t  of t h i s  problem; that, is, given a curve of 
required inser t ion loss plotted against frequency, how can a f i l t e r  be 
designed t o  meet the requirements? To do t h i s  without resor t  t o  an exces- 
sive amount of cut-and-try experimentation, the  designer needs t o  know 
cer ta in  things. 
performance of a given f i l t e r .  Furthermore, it i s  helpful i f  he has 
available some systematic design approach tha t  will shorten the time 
required t o  arr ive at approxhate f i l t e r  dimensiow by eliminating the  
necessity fo r  involved computations. 

Most of a l l ,  he m u s t  know how t o  compute or  predict  the 

Before presenting any design curves, it w i l l  be instruct ive t o  con- 
The sider i n  full the problem of computing the performance of a f i l t e r .  

procedure that is  followed i n  making such a computation will be i l l u s t r a t e d  
J . W I  8 pa.LurL.urar LLl.3C. 
Chr. ..........&a .... le- ---- 

INSERTION LOSS FOR A S3NGLE-CHAMBEFt P-L FILTER 

Figure 7 shows first an equivalent c i r cu i t  f o r  the source-duct- 
termination system at the top of figure 6. 
c i r cu i t  f o r  t h i s  system with a f i l ter  instal led.  T h i s  c i r c u i t  applies 
t o  a single-chamber f i l t e r  instal led i n  pa ra l l e l  with the duct. 
f i l t e r  impedance i s  Zf. I n  order t o  determine the inser t ion loss, it 
is  necessary first t o  compute the pressures pa and pb. This computa- 
t i o n  can be handled by the usual methods of e l e c t r i c a l  o r  acoustical  
c i r cu i t  theory. The duct sections cannot be t reated as lumped impedances 
except a t  very l o w  frequencies. 
duct as a transmission l i ne  of  characterist ic impedance 
t i o n  loss  is  given by X )  times the logarithm of the absolute value of 
the r a t i o  
ure 7. The inser t ion loss i s  found t o  depend on the following parameters: 

Below t h i s  is  the equivalent 

The 

Generally, it i s  necessary t o  t r e a t  the 
k. The inser- 

Pa/Pb, resulting i n  the equation shown a t  the bottom of f ig-  

1. F i l t e r  impedance 
2. Source impedance 
3. Termination impedance 
4. Duct lengths 11, 12 



6 

Impedance diagrams w i l l  be presented t o  i l l u s t r a t e  the e f f ec t s  of these 
parameters. 

Figure 8 is  a plot  i l lus t ra t ing  the variation of the magnitude of 
the impedance for  a source-duct-filter system a t  a par t icu lar  frequency. 
A t  the  r igh t  i s  the termination, with a low impedance. 
l e f t ,  the  impedance increases t o  a very high value j u s t  a t  the r igh t  of 
the f i l t e r ,  which i s  nearly a quarter of a wave length from the termina- 
t ion.  
t o  the l e f t  of the f i l t e r  i s  low. 
ance r i s e s  u n t i l  it i s  w e l l  over twice the chasacter is t ic  impedance, 
a t  the source. 

Moving t o  the  

The f i l t e r  impedance i s  quite low, so the Fmpedance i n  the deet 
Moving fur ther  t o  the l e f t ,  the  imped- 

Zo, 

Because the f i l t e r  impedance Z, 
t o  the r igh t  of the f i l ter ,  most of the sound energy will flow Fnto the 
low-hpedance f i l t e r .  If the f i l t e r  impedance is  increased, the f i l t e r  
becomes l e s s  effective.  It i s  apparent t h a t  the f i l t e r  impedance has a 
strong influence on the insertion loss, and that high inser t ion loss  
requires low f i l t e r  impedance. 

i s  so much less than the impedance 

The source impedance Zs determines w h a t  becomes of the ref lected 
wave i n  the  i n l e t  duct. If Z, = &, then the ref lected wave i s  absorbed 
by the source and it does not affect  the strength of the incident wave.  
Higher o r  lower values of Zs w i l l  r e su l t  i n  p a r t i a l  re-ref lect ion of 
t he  ref lected wave, which may, depending on the phase, e i the r  increase 
br decrease the strengtii of t'ne incident wave. Referring t o  f igure 8, 
the  maximum sound energy w i l l  be transmitted when the  source impedance 
i s  exactly matched to  the impedance seen i n  the duct a t  the source. The  
inser t ion  loss can be increased by creating a serious mismatch at  the 
source. 

The effect of a change i n  the termination impedance Z t  i s  shown 

If the termination impedance i s  very high, the lower imped- 
Here the impedance at  the right of the  f i l t e r  

i n  figure 9. 
a t  the top. 
ance diagram i s  obtained. 
i s  lower than Zf. As a resu l t ,  the f i l t e r  w i l l  be much l e s s  effect ive 
than i n  the system a t  the top of figure 9. 

The impedance diagram from figure 8 has been reproduced 

The ef fec t  of a change i n  the length of duct between the f i l t e r  and 
the  termination i s  shown i n  figure 10. In  the lower diagram, the termina- 
t i o n  i s  nearly half of a wave length fromthe f i l t e r .  
at  the r igh t  o f ' t h e  f i l t e r  is  greatly reduced, and the  f i l t e r  becomes 
ineffective.  
f irst  by increasing the termination impedance and then by increasing the 
duct length. As a further i l l u s t r a t ion  of the interrelat ionship between 
these two parameters, note that i f ,  i n  the lower system of figure 10, the  
termination impedance were made very high, the f i l t e r  would again become 
highly effective.  

The duct impedance 

Note that the same ef fec t  has been produced i n  two ways, 

. 
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. The effect  of a change in  the length of duct between the source and 
the f i l t e r  is shown in figure 11. 
causes a reduction i n  the duct impedance a t  the source. 
that was matched t o  the upper system would not be matched t o  the lower 
system. 

Increasing the length of t h i s  duct 
Thus, a source 

I n  one special  case, t h i s  problem i s  greatly simplified. If the 
c-...h.,nnb nna +----.-A> 
uuLcLLL CUAU ~ = ~ l u ; ~ ~ o b ~ ~ r i  impdames are  both  h, t i e  6uct iengths have no 
e f f ec t  on the inser t ion loss.  
t o  the transmission loss.  The 

TL=m 

Furthermore, the inser t ion loss is  equal 
equation is  ( re f .  6) 

This equation i s  used i n  the study of single-chamber p a r a l l e l  f i l t e r s ,  
and it can be used t o  obtain design curves fo r  such f i l t e r s .  
t r a t e  how t h i s  equation is  used, a par t icular  type of f i l t e r  will be 
considered. 

To i l lus-  

DESIGN OF SINGLE-CHAMBE23 FESONATOR FILTERS 

Figure 12 shows a schematic sketch of a single resonator f i l t e r  
(ref.  6) .  
under the sketch. The volume chamber surrounding the duct ac t s  i n  a 
manner analogous t o  a capacitative reactance i n  an e l e c t r i c a l  c i rcu i t .  
The short  tube opening in to  t h i s  chamber i s  analogous t o  an inductive 
reactance i n  an e l e c t r i c a l  c i rcui t .  The inductive reactance i s  upo/co, 
where CI) i s  the circular frequency, po i s  the m e a n  f l u i d  density, 
and co is  the conductivity of the opening. The conductivity is  a func- 
t i o n  of the length and diameter of the connecting tube. The capacitative 
reactance is  p0c2/uV, where c is the velocity of sound i n  the f luid,  
and V i s  the volume of the chamber. Substituting these impedances i n  
the  transmission loss  equation, and with some algebraic manipulation, 
t h e  equation can be brought into the form shown i n  figure 12. Here f r  
s ign i f i e s  the  resonant frequency; that is, the frequency a t  which 
I n  t h i s  form, the equation shows that the transmission loss can be 

described as a function of only two parameters, 

The f i l t e r  impedance, neglecting resistance, is  given as 2~ 

Z, = 0 .  

&V/2S and f/fr. 
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A set of transmission loss curves, calculated'for several values of 
@7/2S, are shown in figure 13 (from ref. 6). A s  @/2S increases, 
the transmission loss increases. For this reason, the parameter @/2S 
has been called the attenuation parameter. 

Figure 14 (data from ref. 6) has been included at this point in 

The filter is 
order to illustrate the accuracy with which the equation predicts the 
transmission loss of an acoustic filter of tbAs type. 
shown at the left. 
the circles represent experimentally measured values. The calculated 
infinity at the resonant frequency occurs only because the resistance 
has been neglected, and, of course, is not found in the experiment. The 
resistance is quite small, however, and the attenuation at resonance is 
high. 

The soUd curve is the calculated transmission loss, 

The effect of adding resistance, for example in the connecting tube, 
is shown in figure 15. A large drop in the transmission loss is found 
near resonance, but there is some increase at much lower or higher 
frequencies . 

Curves such as those shown in figures 13 and 15 are useful in the 
design of resonator filters. 
specified by a curve of insert.im Inss g!c+jted zgaicst freqcency. 
assuming a value for 
If a resonator curve for a particular value of the attenuation parameter 
completely envelops this specified curve, that resonator w i l l  satisfy 
the requirements. The resonator volume can then be canputed as 

Assume that the filter requirements are 
3i 

fr, these requirements can be drawn on figure 13. 

The filter volume can be minimized by choosing several values for 
finding the required values of the attenuation parameter, computing the 
volumes, and selecting the smallest. 

fr, 

The conductivity is given by 

2 

co = (q) v 

In designing the opening or openings to provide this conductivity, it is 
important to make the size of the opening large enough so that the particle 
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. displacement will be small, of the order of the length of t he  opening. 
An approximate equation tha t  re la tes  the conductivity of an opening t o  
the dimensions is  

SC 
co = 

1 + 0.8\"& 

where S, i s  the area and 1 i s  the length of the opening. 

By using a procedure such as the one that has been outlined, it is  
possible t o  arr ive a t  resonator dimensions rather  rapidly. 
i n  the design process i s  t o  compute the inser t ion loss  of the  resonator 
.in the system with which it w i l l  be  used. T h i s  computation brings i n  
the e f fec ts  of the actual  source and termination impedances and the duct 
lengths. 
sions o r  the location of the resonator may be a l te red  t o  correct the 
deficiency. 

The next s tep 

Normally some deficiency w i l l  be found, and e i the r  the dimen- 

As a prac t ica l  matter, it may be d i f f i c u l t  t o  f ind information on 
+Le -,......-- -- ----  
V I A =  ~u~~~ iLLlpe&~~t: for va~=io-u types of sources. 
f i l t e r  designer i f  experimentalists would measure-and publish the  pres- 
sure  aEd h p d m c e  chpracteristics ~f vario-a  t;Fes of mise a ~ - i i e e s  
whenever the opportunity presents i tsel f .  

it wouici neip tne 

O f  course, there axe limitations on the range of va l id i ty  of the 

Thus, 
resonator equation. For example, i f  the chamber length o r  diameter 
approaches one-half wave length, this equation does nut apply. 
there  are prac t ica l  limits on the  chamber volume. If the design curves 
indicate the need for an impractically large volume, then a single res- 
onator w i l l  not be sat isfactory.  

FILTERS WITH MORE THAN ONE RE30NATOR 

When it i s  found that a single resonator Will not provide enough 
transmission loss t o  s a t i s fy  the requirements, an obvious a l ternat ive i s  
t o  place two ident ica l  resonators Fn the duct, one behind the other. Fig- 
ure 16 shows the  transmission loss character is t ics  of such a f i l t e r  
(ref. 6) .  
increased substantially,  but at the same time cer ta in  pass bands are 
introduced. These pass bands should not be allowed t o  f a l l . i n  the fre-  
quency range where transmission l o s s  is  required. 
t h a t  range, additional f i l t e r  sections will be required t o  cover the pass 
bands. 

By adding additional resonators, the transmission loss can be 

If they do f a l l  i n  
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Frequently, the width of the stop band fo r  a single resonator will 
be found t o  be insufficient.  In this case, the solution is  t o  add one 
o r  more additional chambers, each of which i s  tuned t o  a d i f fe ren t  f re -  
quency. The combination, i f  properly designed, w i l l  have a much wider 
stop band than a single resonator. 
as calculated and as measured, for  a f i l t e r  of this type (ref. 6) .  
experimental r e su l t s  show a transmission loss  of more t h m  10 decibels 
over a wide frequency band.. 

Figure 17 shows the transmission loss, 
The 

There are several ways t o  t r ea t  combinations of resonators, but i n  
any case the computations are rather time-consuming. 
( r e f .  7) will be described. 
f r e e  (&) termination. 
r a t i o  of the ref lected pressure to the incident pressure i s  called the 
character is t ic  ref lect ion factor, %1. The r a t i o  of the transmitted 
pressure t o  the incident pressure i s  called the character is t ic  transmis- 
sion factor, To1. These characterist ic re f lec t ion  and transmission 
fac tors  can be computed f romthe  equations fo r  a f i l t e r  with 
terminat ion. 

One such method 
Figure 18 shows a f i l t e r  with a reflection- 

Two quantities axe defined i n  this figure.  The 

Zo 

Figure 19 shows this same f i l t e r  with a ref lect ing termination. 
ILLIS r -a lec t ion  ami transmission factors f o r  the f i l t e r  i n s t a l l ed  i n  this 
system are given by the equations below the sketch. 
be ccqx ted  fr~ia the characterist ic Zactors, t-he re f lec t ion  factor  of 
the termination, and the length of duct between the f i l t e r  and the  termina- 
t ion .  The symbols To2 and %2 r e fe r  t o  character is t ic  transmission 
and re f lec t ion  factors  f o r  sound entering the f i l t e r  from end 2. 
f i l t e r  i s  symmetrical, R01 = %2 and T o 1  = T02. 

rnL- ---a- 

Note that they can 

If the 

If the transmission loss fo r  a f i l t e r  of several  sections i s  t o  be 
computed, the procedure i s  t o  start with the last section and apply these 
equations. 
the equations again, using the ref lect ion factor  of the last section 
as %. By repeated application of these equations, the transmission 
fac tor  of each section is determined i n  turn. Finally, the transmission 
fac tor  of the complete f i l t e r  i s  the product of the transmission factors  
of t he  individual sections. 
of calculating the transmission loss of multielement f i l ters.  

The next step i s  t o  move forward t o  the next section and apply 

Thus, this method provides a systematic means 

EFFECTS OF OPERATING CONDITIONS 

The ef fec ts  of w h a t  might be called operating conditions on the per- 

33-1 the equations for  transmission loss  
formance of resonator f i l t e r s  m e  of  p rac t ica l  in te res t .  
effects w i l l  be considered f i r s t .  
o r  resonant frequency, the speed of sound appears. The number that m u s t  

Temperature 



be used i n  this connection is  the speed of sound i n  the duct a t  the 
operating temperature. 
t o  the speed of sound. 
temperature than the connector and the duct. 
of sound at the temperature of the duct and connector should be used. 

The resonant frequency i s  d i rec t ly  proportional 
I n  some cases, the chamber may be at a lower 

I n  these cases, the speed 

E a r l y  i n  this discussion, the point was  made that the need f o r  a 
f i l t e r  generally a r i ses  from the necessity f o r  transporting air or  ~ t k r  
gases from one place t o  another through a duct. 
t i o n  t o  the sound flow, a steady gas flow t o  be considered. The ef fec ts  
of this steady flow on the transmission loss  of resonators were invest i -  
gated i n  a model t e s t  i n  connection with the acoustical treatment of a 
wind tunnel (ref.  1). 
e f fec t  on the transmission loss, but turbulent air flow w a s  found t o  
reduce the transmission loss. 
duct flow velocity approached the speed of sound. 

Thus, there  is, i n  addi- 

Smooth air flow w a s  found t o  have no appreciable 

Larger e f f ec t s  might be expected if  the 

Another item that comes under the general heading of operating con- 
d i t ions  i s  the sound pressure level  i n  the duct. 
been used i s  l inear ,  and i n  t h i s  theory, the transmission lo s s  i s  inde- 
pendent of the sound pressure level. I n  deriving the theory, the acoustic 
pressures and par t ic le  displacements are assumed t o  be small. 
are not suff ic ient ly  smal l ,  certain nonlinear e f fec ts  will be e~lrnlmtereC?, 
with the r e su l t  that the theory w i l l  not apply. 
t i o n  i n  a resonator f i l t e r  is  usually the or i f ice  or tube t h a t  connects 
the chamber w i t h  the  duct. The area of the connector must be suf f ic ien t ly  
large so that transmission of the necessary sound current does not require, 
excessive par t ic le  displacements. 

The theory t h a t  has 

If they 

The most c r i t i c a l  loca- 

FILTER APPLICATION 

An example w i l l  now be discussed i n  which a f i l t e r  w a s  designed t o  
reduce the noise radiated from a helicopter. 
reference 6. 
185-horsepower radial engine. The s m a l l  t a i l  rotor  had been removed at  
the t h e  this photograph w a s  taken. Noise measurements indicated that 
the engine-exhaust noise from this helicopter w a s  louder than the noise 
from any other source. It w a s  expected, therefore, that a s ignif icant  
reduction i n  overall  noise might be obtained simply by in s t a l l i ng  engine 
exhaust mufflers. 
one on each side of the fuselage. 
side, were instal led.  "his photograph w a s  taken with the mufflers 
ins ta l led .  

This example i s  taken from 
Figure 20 is  a photograph of a helicopter powered by a 

The engine exhaust was  carried by two exhaust pipes, 
Hence, two mufflers, one f o r  each 

Figure 21 shows a frequency analysis of the noise from this heli- 
copter w i t h  no mufflers. The sound pressure l eve l  i s  highest i n  the 
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v ic in i ty  of the  engine f i r i n g  frequency, as i s  normal f o r  internal-  
combustion engines. Four different mufflers were designed f o r  this 
engine, but only one w i l l  be discussed here. Figure 22 shows a sketch 
of this muffler. It is  composed of an annular chamber surrounding the 
exhaust pipe, w i t h  seven holes providing the connection between the pipe 
and the chamber. It is  thus recognizable as a single resonator, termi- 
nated by a length of pipe that is open at the end. 

The inser t ion loss  f o r  this muffler w a s  measured before it w a s  
placed on the helicopter. 
apparatus that was  used f o r  making these measurements. 
levels  a t  a distance of 20 inches from the open end of the muffler w e r e  
compared with levels  a t  the same distance from the end of the open pipe. 
An interest ing feature of the apparatus i s  the two-position valve that 
permits rapid switching from the muffler t o  the open pipe. 
mental points t h a t  were measured with this apparatus are canpared with 
the  calculated curve i n  figure 24. 
formance of an acoustic f i l t e r  i n  an actual  i n s t a l l a t ion  can be predicted 
with accuracy suff ic ient  f o r  design purposes. 

Figure 23 shows a schematic diagram of the 
Sound pressure 

The experi- 

This comparison shows t h a t  the per- 

This part icular  f i l t e r  w a s  designed f o r  another type of i n s t a l l a -  
t ion,  however; i n s t a l l a t ion  on a helicopter.  Figure 25 shows the lef t -  

shows the e f f ec t  of the mufflers on the sound pressure l e v e l  at  a distance 
of about 200 feet from the helicoFter. The sound level has ~ P T ?  redcced 
substant ia l ly  i n  the frequency range f o r  which the muffler i s  designed. 
Note that the reduction measured here cannot properly be cmpared with 
the calculated or measured insertion loss of the muffler because of the 
presence of noise from other sources. 
include an unknown amount of engine intake noise at the same frequencies 
as the exhaust noise. 
i b e l s  by the mufflers. 
average human ear, i s  reduced by about 45 percent (based on ASA Standard 
224.2 - 1942). 

hand ElSfkr 3s it. wng 2 c t c W  inst&!&& =:: %& pEl::coi&zr. Fig&-€ 26 

The data of figure 26, f o r  example, 

The overall sound pressure l eve l  i s  reduced 6 dec- 
The loudness of the noise, as perceived by the 

The second example of the pract ical  application of f i l t e r s  w i l l  be 
drawn froan an en t i r e ly  different f i e ld .  The operation of wind tunnels 
can generate rather high noise levels, especially where all or  par t  of 
the  air  i n  the tunnel c i r cu i t  i s  exhausted t o  the atmosphere. A t  t h e  
Lewis Fl ight  Propulsion Laboratory of the NACA at  Cleveland, a problem 
of this type was encountered with a supersonic tunnel. 
this problem required the use of many hifferent  techniques because the 
sound level w a s  excessive throughout the  frequency range from about 5 cps 
up t o  10,000 cps or  more. 
i n  figure 27 (ref.  1). 
right-angle bends were a l l  used i n  this system. 
the e f f ec t  of the treatment on the noise measured near the  baf f les  where 
the exhaust air leaves the tunnel. The noise measured after the sound 

The solution of 

The sound treatment t h a t  w a s  adopted is shown 
Resonators, tuned ducts, pa ra l l e l  baff les ,  and 

Figure. 28 summazizes 
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treatment w a s  ins ta l led  was found t o  be coning largely from t h e  sur- 
rounding countryside rather  than from the wind tunnel. 

EXPERlMENTAL EVALUATION OF FILTERS 

After a f i l t e r  has been designed and constructed, the next s tep is  
t o  evaluate the performance of the f i l t e r  experimentally i n  order t o  
determine whether it is  satisfactory.  I n  the preceding section, an 
apparatus w a s  described t h a t  i s  suitable f o r  evaluating the  performance 
of a par t icular  type of duct-f i l ter  system. I n  this section, the use 
of mother type of apparatus w i l l  be described. 

A sketch of this apparatus, which was  or iginal ly  described i n  r e f -  
erence 8, i s  shown i n  figure 29. 
right-angle bend i n  a tube of square cross section. A loudspeaker feeds 

absorbent cone i n  order t o  eliminate ref lect ions.  A movable probe micro- 
phone i s  used t o  measure the variation of sound pressure with distance 
i n  the input and output tubes. The phase relationships can a l so  be 
measured if de sired.  

The f i l t e r  i n  this case is  simply a 

.sound in to  the input tube. The output tube is  terminated w i t h  a highly 

A sample of the data obtained with this apparatus i s  presented i n  
figure 30. The upper curve shows the  var ia t ion of sound pressure with 
distance i n  tne input tube. Pressure minima occw a t  intervals  of one- 
half wave length. From this plot, the r a t i o  P k n / P h m  is  deter- 
mined. The lower curve shows the var ia t ion  of sound pressure with dis-  
tance i n  the output tube. The plotted quantity is  the r a t i o  of the pres 

i n  the input tube. A t  some sure measured i n  the output tube t o  P 

distance from the f i l t e r ,  this r a t io  becomes constant, and t h a t  constant 
value i s  called P Ltr/Pb= . Knowing Pi t r / P b a  and Plmin/Pbmj 
the magnitudes of the ref lect ion and transmission fac tors  f o r  the f i l t e r  
can be computed from the equations shown at the bottom of f igure 30. 
Because the f i l t e r  i s  terminated without ref lect ion,  these are character- 
i s t i c  ref lect ion and transmission fac tors .  The transmission loss  i s  
given by 

h e x  

I n  the case of a dissipationless f i l t e r ,  the experimental measure- 
ment can be simplified. A fixed measuring s ta t ion  i n  the output tube 
w i l l  give if it is at a distance of one-half wave length or  'Ltr J 
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greater from the output plane. 
only suff ic ient  range of movement t o  measure P h .  The transmission 

lo s s  w i l l  then be given by 

The probe i n  the input tube need have 

This simplification i s  made  possible by the f a c t  that the 
squares of the magnitudes of the ref lect ion and transmiss 
i s  equal t o  one f o r  dissipationless f i l ters .  

sum of the 
on fat-ors 

CONCLUDING REMARKS 

In  summary, this discussion of f i l t e r  design has included a des- 
cr ipt ion of the physical principles that give r i s e  t o  a f i l t e r i n g  action. 
The physical quantit ies that are used t o  describe the performance of a 
f i l t e r  have been defined. 
discussed f o r  the-par t icu las  case of resonator f i l ters .  
mental methods f o r  evaluating the performance of f i l t e r s  have been 
described. Finally, experimental data have been presented t o  demonstrate 
that the transmission loss  of resonator filters can be predicted by 
calculation. 

The Problem of designing a f i l t e r  has been 
Certain experi- 

c 



"CES 

1. Beranek, h o  L., Labate, k o ,  and Ingard, Uno: Acoustical Treatment 
f o r  the NACA 8- by 6 - ~ o o t  Supersonic Propulsion Wind Tunnel. NACA 
TN 3378, 1955. 

2. Morse, P. M.: The Transmission of Sound Inside Pipes. Jour. Acous. 
SOC. Am., Vola ll, NO. 2, O C t .  1939, pp. 205-210. 

3. Beranek, Leo L.: Sound Absorption i n  Rectangular Ducts. Jour. Acous. 
SOC. Am., Vol. 12, No. 2, Oct. 1940, pp. 228-231. 

4. Beranek, Leo L.: Acoustic Impedance of Porous Materials. Jour. Acous. 
SOC. Am., V o l .  13, No. 3, Jan. 1942, pp. 2b8-260. 

5. Beranek, Leo L.: Acoustical Properties of Homogeneous, Isotropic 
Rigid T i l e s  and Flexible B l a n k e t s .  
No. 4, Pt. 1, July 1947, pp. 556-568. 

Jour. Acous. SOC. Am., Yd. 19, 

6. Davis, Don D., Jr., Stokes, George M., Moore, Dewey, and Stevens, 
George L. : Theoretical and Experimental Investigation of Mufflers 
With Comments on Engine-Exhaust Muffler Design. -NACA Rep. U92, 
1954 

7. Lippert, W. K. R.: A New Method of Computing Acoustical F i l t e r s .  
Acustica, Vol. 4, pp. 4ll-420, 1954. 

Ducts. 
8. Lippert, W. K. R.: A Method of Measuring Discontinuity Effects i n  

Acustica, Vol. 4, pp. 307-312, 1954. 



E 
W 
!i 

3 n 

I- 
3 
[1 
I- 
3 
0 

t 

0 
c 

d 





. 

v, 

h n 



O 
0 * 
0 
0 
rr) 

0 
0 cu 

CD 
In 
\ 
00 
\ 
rr) 

m 
> 
0 

- 
a 

a 

8 

3 
N 

3 - 



. n w 
I- 
C 

f 
v) z 
2 
t 

N 

a 3 0  s 
N 

3 
9 

n r 
z 5 
a a 
I- 

t 

v) 

5 a n 

. 



. 
0 a - 

- 
w u 
U 
3 
0 
v, 

D a 

a 
J 

v, 
I 
(3 
J 

v, 

n 

n 
II 

-I- 

1 

v) 
> 
0 

- 
a 

(0 
I 

In 
J rc 
t- 6, 

I 
-I I1 

J 
H 

z 
w w  
$ F  



. 

L 

a 

+ 
cu 

Jn - 
N 

Y 
z 

N N  "I " 
+ 

55 

.- 
- 

h, 

Y 

n 

\1N "I O + 
N 

Y 

z 
E 
+ .- - v 

rc) \1N "I + 

N 
Y 

v) 
0 
0 

Q 
(3 

0 
N 

1 
H 

9 
I 1  . 



. 

. 

I 

n 
U 

I I 
? ! ! !  

:I- 
I '  

+ 
I - I 

(0 
m 
\ 
00 
\ 
rc) 

v) 

> 
D 

- 
a 

a0 
I 

m 
b 
m 
I 
J 

) 



os e 
5 
a 
v, 
W os 

I v ,  

a 
E 
I- 

* 

v, 
> 
Q 

- 

n 



c a 

. 

W 

7 
0 
tn 
tn 
5; cn 
2 

U 
t- 

- 
- 

a 

l o  

tnn 
v) 
0 

I 

Q 
0 

> 
c3 
a 

c 



c 

. 

0 

. 



a 
V L J  J a .  
d X  
O W  

0 

z cn z a a 
I- 

- 

O 

lg 

0 
0 * 

m 
'0 

cn cn 
0 
0 
6J 

c 

s 
~ 0 0 0 0 0  0 

7 
0 

u,u.,erncN- 

0 
0 

0 
U 

z 

+ 
F 
-12 

- 
I 
I cn 
0 
0 
€ 

(D 
ln 
\ 
00 
\ 
m 

m 
> - a n 



P 

f f  

u, 

0 
5 a 

t 
In 
IC 



. 

t 
z 

I 

I - 

I- 
W 
J 
I- 
3 
0 

m 
> 
0 

- 
a 



, 

. 

cn 
E 
0 
t- o 
LL 
a 

n 
a 7 

7 
0 
I- o 
W 
A 
LL 
W 
E 

- 

v) 

> 
0 

- 
a 



LLI 
0 
7 a 
n 
w 
n 
E - 

t 

. 

t 

N 

rc 
N 

0 
N 

0 

. 

W I 
O J  
7 



N 

cc 
N 

0 
N 

-Z 
z 
U 
w 
t- 

- 

a 
W 

,?2 - 
LL 

t 
N 

m - 
N N  

> a n 



i - t -  
N 

N 

W 
0 

Z 
0 

L C  
- 

N 

N 

0 0  
- N  

N . 

.z s a 
W 
I- 

cn 
> 
0 

- 
a 

W 



N 

z 
Q 

s 
+ G  
-2 

U w 

w 
0 
U 

N 

0 
N 

v) 

> - a n 



U 
W 
t- 

a 

t 

m 
N 

c N  
i o 3  
’ N  
c9 

cn 
> 
0 

- 
a 

0 cu 



. 

. \ 
00 

c 

c/) 

a z 
3 

a 

z 
W 

W ar: 
L L  

s 
W 
c/) 

7 

W 
I- a 
0 
0 
1 w 
I 

0 
I 

I 
L3 w 
A 
lL 
LL 
3 r 
7 
3 

J 

iz 
7 
W s a n z 
3 
LL 

W 
7 

Z 
W 

(3 

w 

0 
0 m 
0 
0 cu 
0 
0 

0 m 

0 nl 

0 

- 

- 

\ 
M 

v) 

5 a n 

I 

J 



a 
W 
J 
LL 
LL 
3 
2 
a 
W 
!- a 
0 
0 
A 
W 
I 

- 

LL 
0 
I 
0 c w 
Y m 

v) 
5 a n 

cu cu 
I 

rc) 
rc 
Q, 
I 
J 



w 
7 
0 

m 
E 
W 
J 
LL 
LL 
3 z 
LL 
0 

m 
W 
I- 

n 
-I 
0 
0 

K 
0 
LL 

m 
3 

[y: 

s! 
L 
d 

(D 
Lo 
I Co 
I 

rc) 

m cu 
I 
Ir, 
b m 



c 
0 

z 



J 
J I 

in 
b- 
o, 
I 

J 



(D 
ln 
\ 
00 . 

W m 
7 
LT 
W 
I- 

0 
0 
J 
W 
I 
7 
0 
CK 
W 
-I 
LL 
LL 
3 z 

0 

n 
- 

8 
I- 
0 
W 
LL 
LL 
W 

a 

1 /' 

\ -.. 
I I I I I 

0 
b 

0 0 
0, Q) 

0 
m 

0 
(D 

\ 
rr) 

> 
0 
a 

(D 
N 

ln r+ 
6, 

J 

I 

I 



. 

. 

-.I 
W 
7 
7 
3 
I- 
o 
7 
0 
tn 
CK 
W a. 
3 
tn 
CK 
0 
LL 
k 
7 
r" 
k 
2 
d 

8 

W 

o 
i= 

3 

b cu 
I 
In 
b 
6, 
4 



. 

. 

5 5  m -  a +  wi, 
t w  
1 

a- a 

W 

3 
I- 
I- 
3 e z 

a0 

- 
I 

W m 

W x a 
e 
n 

W 

cn 
3 
0 
J 

00 
(u 

I 
IC 
u) m 

I 
J 

) 



. 

a n  

. 

X 
0 

) r -  
€ 

v, 
LT 
0 
I- 
0 

LL 
a 

n 
W > 
Qz 
W 

- 

n 
n 
a 
a 
a 
n 

a 

z 

+ 

J 

I- 
Z 
W 
t 
LT 
W 
n 
X 
W 

- 

ax 

x 
0 
E 
ci 

v) 
> a 
0 

- 

0 
(u 
I 
rl) 
Fc 
0 
I 
-1 



I -  

I -  

cn 
-I 
W > 
W 
-I 

0 
7 
3 
0 cn 
-I 
W 
7 
7 
3 
I- 
0 
7 
I 

- 
3 

. 
I 

1 



David C .  Apps, Head 
Noise and Vibrat ion L a b o r a t o r y  
General Motors  ProvinE Ground 

M i l f o r d ,  Michigan 

. 



-1- 

4 

. 

I n  discharging my onus t o  t h i s  group t h i s  a f te rnoon,  I t h i n k  

it would be h e l p f u l  t o  a l l  concerned i f  I s t a r t ed  out  w i t h  two or 

t h r e e  organiza t ion  c h a r t s  t o  help you v i s u a l i z e  the  r e l a t i o n s h i p  

of the  Noise and Vibra t ion  Laboratory of t h e  General Motors 

Proving Ground t o  the Proving Ground o rgan iza t ion  and t o  t h e  

echelon immediately above. 

Figure 1 i s  an organiza t ion  cha r t  of  t h e  GM Engineering S t a f f  

d i r e c t e d  b y  a General Motors vice-president ,  Mr. C.  A .  Chayne. I n  

i t s  broades t  terms, t h e  group on the  l e f t  i s  r e spons ib l e  for 

advanced engineer ing developments o f  automobiles and automotive 

components. The group i n  the center  o f  the Figure r ep resen t s  t h e  

s p e c i a l  s e rv i ce  groups such a s  accounting, machine shop f a c i l i t i e s ,  

e t c .  On the  extreme r i g h t  i s  a group providing s e r v i c e s  and 

f a c i l i t i e s  f o r  the e n t i r e  General Motors Corporation; t h e s e  

inc lude  Pa ten t  Sec t ion ,  Photosraphic Sec t ion ,  e t c .  i n  t h i s  group 

on t h e  r i g h t  is found the General Motors Proving Ground, and it i s  

wi th in  t h e  box e n t i t l e d  "Other Locations" s ince  it i s  n o t  l oca t ed  

a t  t h e  new General Motors Technical Center. 

Figure 2 shows the  Proving Ground o rgan iza t ion  d i r e c t e d  b y  

M r .  H. H. Barnes. By the s tandards of mos t  of our  manufacturing 

p l a n t s ,  i t  i s  a r e l a t i v e l y  small o rganiza t ion .  It ope ra t e s  as  a 

- s e r v i c e  f a c i l i t y  f o r  t he  e n t i r e  Corporation, and a s  such t h e r e  i s  

no manufacturing done i n  th i s  group. I might p o i n t  out t h a t  

included under the management of t he  General Motors Proving Ground 

a t  Milford i s  the  Desert  Proving Ground near  Mesa, Arizona, and a 

Pikes Peak Engineering Test  Headquarters a t  Manitou Springs,  Colorado. 

C 
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The Proving Ground organiza t ion  i s  again d iv ided  i n t o  an Engineering 

Group and a Service and F a c i l i t i e s  Group, with t h e  Noise and Vibra- 

t i o n  Laboratory p a r t  of t h e  Engineering Group, r. 

Figure 3 shows the  organiza t ion  c h a r t  of t h e  Noise and Vibra t ion  

. Laboratory. The d o t t e d  boxes ind ica t e  separa te  groups n o t  y e t  c r e a t e d  

i n t o  s e p a r a t e  e n t i t i e s .  They are  1) an instrument  development and 

c a l i b r a t i o n  group on t h e  l e f t ,  and 2) an advance development group on 

t h e  r i g h t .  Each w i l l  u l t i m a t e l y  have t h e i r  own group head but  the 

work i s  now handled as r equ i r ed  by personnel  of t he  o t h e r  groups shown 

i n  s o l i d  boxes. We w i l l  dwell  l a r g e l y  t h i s  a f t e rnoon  on the a c t i v i t i e s  

and experiences of t he  t h r e e  groups i n  t h e  c e n t e r  i nd ica t ed  as per-  

forming these  func t ions :  

1, Noise t e s t s ,  ma te r i a l s  t e s t s ,  and audiometry. 

2. Noise problems. 

3.  Vibrat ion and s t r e s s  problems. 

The group on the l e f t  handles a l l  of our b i n a u r a l  record-  

playback t e s t i n g ,  of which more l a t e r .  They conduct t e s t s  t o  d e t e r -  

rnent t h e  v i b r a t i o n  damping p rope r t i e  s of automotive m a t e r i a l s  by the 

Geiger t h i c k  p l a t e  t e s t .  

t he  s tanding  wave c losed  tube method, and a s  a Proving Ground s e r v i c e  

they  conduct audiometry t e s t s  on a l l  Proving Ground personnel. 

They conduct sound abso rp t ion  tes ts  by 

The c e n t e r  group, which i s  charged w i t h  so lv ing  no i se  problems, 
* 

handles  a wide v a r i e t y  o f  problems ranging f r o m  a t i c k i n g  speedometer 

L t o  t h e  n o i s e  reduct ion  program on t h e  GM Aerotrain.  The graup on 

t h e  r i g h t  handles a wide v a r i e t y  of v i b r a t i o n  and s t r e s s  problems 

on t h e  automobile a s  a whole.and on var ious  components o r  sub- 

assemblies ,  Both the  =-4 s t r a i n  gage and b r i t t l e  lacquer .  S t r e s scoa t  
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a r e  used i n  experimental  s t r e s s  analyses .  

I would l i k e  t o  make i t  c l e a r  t h a t  the  Proving Ground Noise . 
and Vibra t ion  Laboratory a c t s  as a s e r v i c e ,  o r  a consul tan t  group 

t o  t h e  e n t i r e  General Motors Corporation on no i se ,  v i b r a t i o n ,  and 

s t r e s s  problems. Actual ly ,  t h i s  i s  n o t  q u i t e  as comprehensive an 

assigrment as i t  appears inasmucn as  we a r e  n o t  charged with t h e  

primary r e s p o n s i b i l i t y  f o r  t h e  quietness  of a l l  GM products.  This 

i s  t o  s a y ,  t h a t  our organiza t ion  and f a c i l i t i e s  a r e  a v a i l a b l e  upon 

c a l l  when some respons ib le  Divis ional  a u t h o r i t y  decides  t h a t  w e  

a r e  t o  be consul ted.  Many of our ManufacturinP Divis ions have 

sound t e s t i n g  f a c i l i t i e s  and personnel o f  t h e i r  own b u t  use the  

more complete f a c i l i t f e s  and more experienced personnel  of the 

N o i s e  and Vibrat ion Laboratory as t h e  occasion r e q u i r e s .  Our 

f i n d i n g s  and recommendations on a given job are  r epor t ed  i n  a 

c o n f i d e n t i a l  r e p o r t  t o  the  request ing Div is ion  or agency and i n  a 

s t r i c t  sense a re  only  recommendations. The f i n a l  dec is ion  whether 

and how t h e  recommendations a r e  t o  be executed o r  pu t  i n t o  produc- 

t i o n  is t he  dec i s ion  of t h e  autonomous manufacturing Divis ion,  

It might be we l l  t o  p o i n t  ou t  a t  t h i s  time t h a t  the  automobile 

t e s t i n g  s t a f f  of the Proving Ground i s  a f a c t - f i n d i n g  body charged 

wi th  determining automobile performance , economy, handl ing,  

. braking and o ther  c h a r a c t e r i s t i c s  of a c ros s  s e c t i o n  o f  American- 

made and some foreign-made automobiles. The f ind ings  of t h e  

Proving Ground regard ing  t e s t  r e s u l t s  of bo th  General Motors and 

competi t ive ca r s  a r e  made known by means of engineer ing  r e p o r t s .  

In no sense  does the Proving Ground pu t  a stamp of approval on a 
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pre-production GM car  i n d i c a t i n g  t h a t  i t  has  passed a s e r i e s  of  

t e s t s  which make i t  s u i t a b l e  f o r  production. 
b 

Let us s t a r t  d e t a i l i n g  some o f  our a c t i v i t i e s  and some o f  our 

. n o i s e  and v i b r a t i o n  problem experiences.  Turning t o  t h e  f i r s t  

group on t h e  l e f t  i n  t h e  organiza t ion  c h a r t  which I showed you, 

t he  group which conducts n o i s e  t e s t s  and m a t e r i a l s  tests,  l e t  us 

s t a r t  o u t  by say ing  t h a t  we do a cons iderable  amount of noise  

eva lua t ion  t e s t s  fo r  the con t ro l  o f  n o i s e  i n  t h e  automobile. We 

do t h i s  almost e n t i r e l y  b y  a b inaura l  record  and playback 

procedure which our group a t  the Proving Ground was l a r g e l y  

r e spons ib l e  f o r  promoting. We s t a r t e d  using a record-playback 

procedure i n  about 1940 by using an  ins tan taneous  a c e t a t e  d i s k  

r eco rd ing  method. In  1947, when w i r e  r eco rde r s  o f  the instrument 

c l a s s  became ava i l ab le ,  we were g l a d  t o  r i d  ourse lves  o f  t h e  

incubus of mechanical problems at tendant  upon t h e  use of a d i s k  

r eco rde r  i n  a moving car o r  truck. 

In 1951, we induced a t a p e  recorder  manufacturer t o  provide 

us, on a loan  b a s i s ,  a two-channel r eco rde r ,  which w e  understand 

had been made f o r  t h e  Navy f o r  some unrevealed o r  c o n f i d e n t i a l  use. 

The improved r e a l i s m  t h a t  we obtained with the b i n a u r a l  system, 

e s p e c i a l l y  f o r  ins ide-car  recordings,  convinced us o f  the  

p o t e n t i a l i t i e s  of t h i s  system. We now have over f o u r  years  of 

experience and have evolved a s e n s i t i v e  no i se  eva lua t ion  technique. 

We f e e l  t h a t  we can sense,  o r  detect ,  smal le r  d i f f e r e n c e s  than i s  
* 

p o s s i b l e  b y  any o the r  known method, and, furthermore,  immediately 

and d i r e c t l y  eva lua te  the importance of these changes i n  t e r m s  of 
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* 

customer r eac  ti on . 
Figure 4 shows a view of a c a r  under t e s t  and a s t a t i o n  wagon 

equipped with a b inau ra l  recorder .  The b i n a u r a l  microphones a r e  

placed i n  t h e  t e s t ,  o r  l e a d  ca r ;  t h e  microphone s i g n a l s  a r e  s e n t  

t o  t h e  recording mechanism through the cab le  and cab le  payout 

device on the  roof  o f  t he  s t a t i o n  wagon. 

Figure 5 shows an i n t e r i o r  view o f  t he  record ing  mechanism 

s e t  up i n  t h e  s t a t i o n  wagon, and Figure 6 shows a jury l i s t e n i n g  

t o  a s e r i e s  of  recordings t o  evaluate  them. The j u r y  l i s t e n s  t o  

these r eco rd ings  i n  an ABA sequence and i n d i c a t e  t h e i r  choice,  o r  

p reference ,  by an e l e c t r i c a l  b d i c a t o r  which in su res  independent 

judgments. A paper covering the use  of a b inaura l  r eco rde r  has 

been publ ished i n  the Journa l  of t h e  Acoust ical  Soc ie ty  of America 

(Vol. 24, p 660; Nov., 1952) and I might r e f e r  t hose  i n t e r e s t e d  i n  

some o f  our techniques t o  . t h a t  a r t i c l e .  

Figure 7 shows a method used t o  determine the  r e l a t i v e  importance 

of t h e  f r o n t  and r e a r  suspension i n  t r a n s m i t t i n g  road no i se  o r  rumble. 

The Opel, second c a r  i n  the t r a i n ,  i s  under t e s t ,  having i t s  rear 

wheels suspended f r o m  t h e  pavement b y  t h e  t r a c t o r  fol lowing it. 

The l e a d  car  i s  towing the t e s t  c a r  and t r a c t o r .  The record ing  

s t a t i o n  wagon a t  t h e  r e a r  moves along under I ts  own power. The 

road rumble generated by  f r o n t  wheels alone i s  compared wi th  t h a t  

genera ted  b y  the  r e a r  wheels and by a l l  fou r  wheels. These t e s t s  

i n d i c a t e  on which end o f  the car  t o  emphasize suspension i s o l a t i o n .  

The record ing  and playback procedure d iscussed  above i s  a 

6 

. 



r o u t i n e  procedure. The methods o f  c o n t r o l l i n g  automotive no i ses  

o f  var ious k inds  is  anything but r o u t i n e .  The group who are 

r e spons ib l e  f o r  conducting these t e s t s  f i n d  themselves compiling a 

cons iderable  backlbg of experience which they have gained over t h e  

years  on a v a r i e t y  of problems on a wide range of automobiles, 

t rucks  and buses .  You w i l l  recognize t h i s  procedure as a no i se  

c o n t r o l  procedure r a t h e r  than a no i se  r educ t ion  o r  e l imina t ion  

procedure based upon reduct ion  o f  no i se  a t  t h e  source.  

I might add, i n  passing,  that  th i s  group c o n t r i b u t e s  i n  an 

important way t o  t h e  acceptance o f  GM c a r s ,  and t he i r  recommenda- 

t i o n s  may e a s i l y  involve as much as $100,000 t o  $1,000,000 pe r  

model year on a s i n g l e  make o f  c a r ,  

We might summarize t h e  p r i n c i p l e s  r e l a t i n g  t o  the c o n t r o l  of 

automotive engine no i se  by saying t h a t  engine no i se  as heard by t h e  

passenger  i s  c o n t r o l l e d  b y  t h e  use  o f  an underhood absorpt ion 

b l anke t ,  bu t  t h e  use o f  a dash mat o r  pad on the  f i r e w a l l ,  t oge the r  

w i th  a f l o o r  mat or  c a r p e t  which provides  damping as  w e l l  a s  

i nc reased  t ransmission loss. I n  t h i s  connection, i t  i s  i n t e r e s t i n g  

t h a t  t h e  u s u a l  j u t e  f l o o r  mat which f r e q u e n t l y  has  an impervious 

rubber  padding on top  provides  more damping i f  I t  i s  l a i d  d i r e c t l y  

on t h e  s t e e l  f l o o r  than  i f  i t  i s  cemented the re to .  

r e d u c t i o n  of' engine n o i s e  i s  also obta ined  in  some car  models by 

provid ing  an acous t ic  b lanket  behind t h e  head l in ing  i n  the 

passenger  compartment. In addi t ion ,  t h i s  acous t i c  b lanket  provides  

a sense of luxury, o r  comfort, much l i k e  heavy ca rpe t ing  and drapes 

do i n  a n  o rd ina ry  room, 

A s l i g h t  

t 
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In  the  automotive product,  i t  i s  important t o  provide f o r  the 

c o n t r o l  o f  impact no i se  a s  e l i c i t e d  by r a i n  or  h a i l  s t r i k i n g  the 

roof o r  by the prospect ive customer thumping o r  knuckling t h e  

doors and roof when the  c a r  i s  in the s a l e s  room. We have found 

t h a t  t h e  q u a l i t y  sound. ( o r  l ack  o f  t i n n i n e s s )  e x c i t e d  by l o c a l  

impact i s  due e n t i r e l y  t o  t h e  sur face  d e n s i t y  of t he  damping 

m a t e r i a l  appl ied  r a t h e r  than  t o  i t s  damping q u a l i t i e s .  T h i s  

s ta tement  i s  t r u e  on t h e  s h e e t  metal th icknesses  used on 

automotive bodies .  With t h i c k e r  shee t  metal  gages, the su r face  

d e n s i t y  of t h e  deadener may b e  l e s s  important and the  damping 

p r o p e r t i e s  may begin t o  assume r e l a t i v e l y  more importance. 

The m a t e r i a l s  t e s t i n g  funct ion of  t h i s  same group inc ludes  

de te rmina t ion  o f  sound absorpt ion c o e f f i c i e n t s  by the c l a s s i c a l  

closed-tube s tanding wave method. A t  t h e  p re sen t  t ime, w e  do n o t  

have a r eve rbe ra t ion  room avai lab le  f o r  making abso rp t ion  checks. 

This group a l so  determines v ib ra t ion  damping p r o p e r t i e s  o f  

va r ious  automotive m a t e r i a l s  such a s  a spha l t  s a t u r a t e d  f e l t s ,  

spray-on m a t e r i a l s  of the  cut-back o r  water-soluble v a r i e t i e s ,  e t c .  

Figure 8 shows the  Geiger th ick  p l a t e  appara tus  on which this  

i s  accomplished. Very b r i e f l y ,  a l l  m a t e r i a l s  a r e  t e s t e d  on a 

*-inch-thick s t e e l  p l a t e ,  20 inches square.  This p l a t e  has  a 

resonant  frequency of approximately 150 cycles ,  which i s  exc i t ed  

by  a magnetic d r i v e  c o i l  beneath t h e  p l a t e .  To eva lua te  t h e  

v i b r a t i o n  damping p r o p e r t i e s  of a m a t e r i a l ,  the  p l a t e  is e x c i t e d  
* 

a t  resonance, t he  dr ive  removed from t h e  d r i v e  c o i l ,  and t h e  decay 
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of t h e  v i b r a t i o n  of the p l a t e  i s  recorded on a magnetic o s c i l l o -  

graph o r  evaluated by an automatic device.  

expressed i n  terms of d e c i b e l s  of decay per second. Needless t o  

say, t h i s  i s  n o t  an absolu te  method but r a t h e r  it provides  

comparative da t a .  We do not f ind  it necessary t o  determine 

V ~ S C G U S  OF e l a s t i c  moduli, whicn a r e  perhaps more important t o  the 

people who a r e  respons ib le  for developing such damping m a t e r i a l s  

The r e s u l t  i s  

and compounds. 

Figure 9 shows a view o f  an experimental  s e tup  f o r  determining 

the  t ransmiss ion  l o s s  of  a Scenicru iser  r e a r  window. The problem 

h e r e  was t o  determine the r e l a t i v e  t ransmiss ion  l o s s  o f  two %-inch 

p l a t e  g l a s s  r e a r  windows with 3/8-inch a i r  space, compared w i t h  a 

s i n g l e  %-inch g l a s s  window. We thought we could p r e d i c t  t h e  answer 

on this one without  even running t h e  t e s t .  It was our f e e l i n g  t h a t  

t h e  two l e a f s  of g l a s s  would provide more t ransmission l o s s  than the 

s i n g l e  g l a s s  because it would have the  same o v e r a l l  s u r f a c e  d e n s i t y  

and, i n  add i t ion ,  would have t h e  compliance o f f e red  b y  t h e  3/8-inch 

in te rvening  a i r  space.  Actual ly ,  ou r  t e s t  us ing  white n o i s e  as a 

source showed t h a t  the o v e r a l l  t ransmission of t h e  slngle &-inch 

g l a s s  was somewhat b e t t e r  than the two i n d i v i d u a l  l e a f s .  I n  more 

d e t a i l ,  it was somewhat poorer  at  low f requencies  but  b e t t e r  at 

. high  frequencies .  

Figure 10 shows the r e a r  end view of a GMC t r a n s i t - t y p e  coach 

i n  which t h e  combustion noise  of t h e  d i e s e l  engine i s  con t ro l l ed  by 

e s s e n t i a l l y  s e a l i n g  up the  engine compartment and adding about 

* 

30 square f e e t  of sound absorpt ive m a t e r i a l  h e l d  i n  p l a c e  by 
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per fo ra t ed  sheet  metal. This ,  o f  course,  i s  an obvious and time- 

t e s t e d  method o f  no ise  c o n t r o l  and p resen t s  no p a r t i c u l a r  problem 

except t h a t  of  permi t t ing  the  coolant a i r  t o  escape while r e t a i n i n g  

the  noise .  This was done by using a r a t h e r  p r i m i t i v e  type of l i n e d  

acous t i ca l  duct  which took the  form of  a mushroom with an absorbent 

lower sur face  p laced  immediately above and overlapping a hole  i n  

the  engine compartment b a f f l e  pans, 

One of the more i n t e r e s t i n g  jobs t h a t  we have worked on l a t e l y  

is t h a t  of no i se  con t ro l  on t h e  new GM Aerotrain.  A s  you have no 

doubt r ead  i n  the p r e s s ,  two of these  10-car l igh tweight  t r a i n s  have 

been made and have been leased  to  the ra i l roads  fo r  t h e i r  t r i a l s .  

They in tend  t o  p l ace  them i n  passenger revenue s e r v i c e  i n  order  t o  

eva lua te  the  concept o f  a l ightweight ,  h igh  speed, low cos t  t r a i n .  

It may i n t e r e s t  you t o  know t h a t  t hese  c a r s ,  which c a r r y  40 passengers  

each, weigh about 1,000 pounds p e r  passenger s e a t  as compared w i t h  

about 2,000 pounds per  passenger s e a t  i n  a s t a n d a r d  type rai lway 

coach. The c o s t  of t h e  t r a i n  is est imated t o  be about one-half t h e  

convent ional  t r a i n  cos t  including locomotive. It i s  est imated t h a t  

t h e  maintenance cos t  w i l l  be about  one-half ,  and t h i s  comes about 

l a r g e l y  because the  supers t ruc ture  of  the coaches i s  cheap enough 

so  that  a new supe r s t ruc tu re ,  or body, can be i n s t a l l e d  f o r  l e s s  

than  the  convent ional  $70,000 per coach r e fu rb i sh ing  cost .  The 

f u e l  c o s t s  are also about one-half the  f u e l  c o s t s  of t h e  average 

t r a i n ,  Because the t r a i n  weighs less, it obviously t akes  l e s s  power 

t o  hau l  i t ,  

100 mph, 

. 
c 

The 1200 horsepower locomotive w i l l  p u l l  t he  t r a i n  a t  
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A t  t he  reques t  o f ' o u r  Electromotive Divis ion,  w e  made a study 

of  the in s ide  noise  of  t hese  coaches. A t  t h e  time we were ca l led  

i n ,  a l l  20 of t he  c a r s  had been b u i l t  and, i n  f a c t ,  were due t o  be 

shipped out  t o  the  r a i l r o a d s  about  t w o  weeks l a t e r .  We made 

magnetic tape recordings o f  t he  noise  a t  var ious l o c a t i o n s  of t h e  

c a r ,  bo th  ins idn  glr6 cutside, a t  dfff 'epent speeds mid w i t h  d i f f e r e n t  

* 

t r a c k  condi t ions.  We analyzed these t apes  and conducted f u r t h e r  

t e s t s  wi th  the c a r s  s t a t i o n a r y  a t  t he  p l a n t .  Figure 11 shows one 

of these  p l a n t  t e s t s  i n  which a b a t t e r y  o f  7 speakers  on plywood 

b a f f l e s  was placed i n  a p i t  beneath the  car.  A shore  loop of t ape  

taken from one of the outs ide  no i se  record ings  made on t h e  Rock 

I s l and  t r a c k s  was then  played through the speakers t o  s imulate  t h e  

ou t s ide  noise .  Our objec t ive .here ,  of course,  was t o  reproduce the  

sound without any ,v ib ra t ion  due to  the moving t r a i n ,  o r  i n  terms more 

understandable  t o  t h i s  group we want t o -  eva lua te  the  a i rborne  versus  

the  s t ruc tureborne  noise .  

On t h e b a s i s  of t h e s e s t u d i e s ,  we were ab le  t o  devise  changes 

i n  the s t r u c t u r e  and i n  the design of some of the running gear  com- 

ponents on an experimental  b a s i s .  The c a r  was operated on the  test 

t r a c k  a t  t he  p l a n t  and the  experimental changes were eva lua ted  for 

e f f e c t i v e n e s s  i n  con t ro l l i ng  the  noise .  While I am not  a t  l i b e r t y  

t o  i n d i c a t e  the na ture  o f  the changes made, I can say t h a t  we made a 

s i zeab le  reduct ion i n  the no i se  l eve l  i n s i d e  the  c a r .  Because o f  the 

time l i m i t a t i o n ,  i t  was no t  possible t o  incorpora te  these  changes on 

the  c a r s  before t h e y  l e f t  t he  p lan t  f o r  t h e i r  demonstration runs and 

subsequent r e l e a s e  t o  t he  r a i l r o a d s .  

* 

These changes have s ince  been 
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made on both t r a i n s .  

The above a re  examples o f  noise  c o n t r o l  by prevent inp  i t s  
. t ransmiss ion  or  by absorbing o r  damping it somewhere along the pa th  

between i t s  source and t h e  observer ' s  e a r s  without making any attempt 

t o  improve t h e  mechanism o r  device t o  reduce the no i se  a t  the  source. 
. , 

on t h e  bas i s  of oiir experfence, ft i s n t t  easy t o  p u i i  from O W  

f i l e s  a h a l f  dozen examples where no i se  was reduced by a redes ign  of 

t h e  mechanism, thus  c o n t r o l l i n g  it a t  the source.  I c i t e  a few 

examples below, two of  which we spoke o f  i n  some d e t a i l  a t  t h e  M.I.T. 

Summer Symposium on Noise Reduction l a s t  August. Therefore,  this 

coverage w i l l  be  extremely b r i e f .  

One example concerned the contr.01 of power s t e e r i n g  no i se ,  i n  

which i t  was found that  t h e  r a t h e r  s o f t  y i e ld ing  rubber  hose connect- 

ing  the power s t e e r i n g  pump t o  the s t e e r i n g  u n i t  was t h e  source o f  

t roub le .  When such a soft-walled tube y i e l d s  In a r a d i a l  d i r e c t i o n  

due t o  t he  a l t e r n a t i n g  f l u i d  pressure ,  the l eng th  I s  changed a t  t h e  

same fkequency, thus  providing a source of mechanical e x c i t a t i o n  if 

t h e  hose i s  drawn t i g h t .  The cure is t o  pu t  a bend i n  t h e  hose so  

t h a t  t h e  a l t e r n a t i n g  changes i n  length  can -be  harmless ly  d i s s i p a t e d .  

The o t h e r  example concerned no i se  reduct ion  a t  the source i n  

t h e  small  e l e c t r i c  motors which d r ive  t h e  windows up and down i n  our 

- present-day c a r s .  It was found tha t  winding s h o r t - c i r c u i t e d  c o i l s  

having t h e  same p i t c h  a s  the  commutator winding accomplishes a s i z e -  

a b l e  n o i s e  reduct ion .  The number of  t u rns  of wire  and the  s i z e  of 

t h e  w i r e  t o  ob ta in  (what was probably c l o s e  t o )  a maximum reduct ion  

was determined experimentally,  I n c i d e n t a l l y ,  t h i s  i s  a case  where 

* 
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t he  experimental  method was used without  b e n e f i t  of a n a l y t i c a l  t r e a t -  

ment what soever . 
Turning now t o  the a c t i v i t i e s  of  t h e  group r e spons ib l e  f o r  

. s t u d y b g  v i b r a t i o n s  and making s t r e s s  ana lyses ,  l i t e r a l l y  hundreds 

of  such jobs have been accomplished during the  p a s t  few y e a r s ,  and 

we w i l l  b r i e f l y  run  through a few which a re  more o r  l e s s  t y p i c a l .  

Figure 1 2  shows a r e a r  l e a f  sp r ing  o f  an automobile disassembled 

w i t h  s t r a i n  gages appl ied ,  ready f o r  assembly. F igure  13 shows t h e  

s t r a i n  gage ampl i f i e r s  and multichannel magnetic o sc i l l og raph  used 

f o r  record ing  the s t r a i n s  and other  dynamic q u a n t i t i e s .  Figure 14 
shows the instrumentat ion devised f o r  the measurement of shock 

absorber  behavior. The q u a n t i t i e s  measured i n  th i s  i n s t a n c e  were 

t h e  v e r t i c a l  sp r ing  force,  the sp r ing  displacement,  t he  shock 

absorber damping fo rces ,  t h e  shock absorber p i s t o n  v e l o c i t y ,  shock 

absorber  p i s t o n  displacement,  and two hydrau l i c  p r e s s u r e s ,  one each 

i n  t h e  compression and rebound chambers, T e s t s  such as t h e s e  were 

d iscussed  by H. W. Larsen of our Laboratory be fo re  the SESA I n  

Milwaukee, Wisconsin, i n  May, 1953, and publ ished I n  Vol. 13, No, 1, 

o f  t h e  Proceedings o f  t h e  SESA. 

Figure 15 shows a crankshaft  and flywheel i n  which i t  was d e s i r e d  

t o  measure s t r e s s e s ,  Inasmuch as the automatic t ransmiss ion  behind 

the flywheel prevented attachment of s l i p r i n g s  rearward, the s t r a i n  
* 

* gage l e a d  wires  had t o  be threaded through ho le s  i n  each main bear ing  

journa l  and crankshaf t  throw journal  t o  f i n a l l y  emerge a t  t he  f r o n t  

end of t h e  c rankshaf t ,  where there  w a s  room a v a i l a b l e  f o r  mounting 
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the  small  s l i p r i n g  assembly shown. 

how important i n senu i ty  and pers i s tence  a r e  i n  devis ing  experimental  

T h i s  Figure i s  shown t o  demonstrate 

0 se tups  t o  so lve  c e r t a i n  problems, a f a c t  w i th  which you gentlemen I 

am s u r e  a r e  w e l l  acquainted. 

Figure 16 shows a gyroscope mounted on the f r o n t  a x l e  of a 

tpu& t~ detem,-;ne the axle windup due t o  brake  a p p l i c a t i o n .  

Figure 17  shows an example of t h e  use  of S t r e s s c o a t  on a f r o n t  

s o l i d  a x l e  t o  determine t h e  bending s t r e s s e s  due t o  brake  app l i ca t ion ,  

In  th i s  connection, I might say t h a t  i n  reading  t h e  l i t e r a t u r e  w e  g e t  

t h e  impression that  the  use  of S t r e s scoa t  has been l a r g e l y  l i m i t e d  t o  

l a b o r a t o r y  use where temperature and h u m i d i t y  can be con t ro l l ed .  How- 

ever ,  w e  have taken  S t r e s s c o a t  out  o f  the  l a b o r a t o r y  b y  sheer  n e c e s s i t y  

i n  o rde r  t o  l o c a t e  a reas  of m a x i m u m  s t r e s s  as w e l l  as the  o r i e n t a t i o n  

of t h e  s t r e s s .  We find t h a t  w e  have t o  apply it t o  frames, sp r ing  

hangers,  ax l e s ,  suspension p a r t s ,  shee t  metal and bodies ,  e t c . ,  and 

g l a d l y  y i e l d  somewhat on the  accuracy i n  o rde r  t o  take advantage of 

t h e  m e r i t s  t h a t  t h i s  coa t ing  provides.  I might say, too,  that  w e  do 

a cons iderable  amount o f  dynamic t e s t i n g  wi th  S t r e s s c o a t  immediately 

fol lowing which we examine t h e  coating f o r  c racks  and mark them and 

photograph them as sbmn i n  this  Figure. 

We have found an electrodynamic shaker t o  be an almost indispens-  

~ able a i d  i n  v i b r a t i o n  and s t r e s s  problems. 

Figure 18 shows a small  10-pound shaker app l i ed  t o  a s t a r t e r  t o  

determine the  resonant  frequency and the  mode of v i b r a t i o n .  The 

shaker study followed from an i n v e s t i g a t i o n  of a n o i s e  per iod  i n  

which the s t a r t e r  v i b r a t i o n  was induced by the  motion of t h e  engine, 



Figure 19 shows t h e  use of a SO-lb shaker i n  a f a t i g u e  s tudy  

on an o i l  f i l t e r  housing o r  can. 

Figure 20 i s  proof  p o s i t i v e  t h a t  t h e  n o i s e  and v i b r a t i o n  bus i -  

nes s  need never be a narrow and drab one. T h i s  road i s  intended t o  

be equiva len t  a s  f a r  a s  no i se  and v i b r a t i o n  a r e  concerned, t o  ce r -  

t a i n  b a s a l t  block roads found i n  Germany. O u r  German s i~bs jd i a ry ,  

Adam Opel, found themselves occas iona l ly  i n  t rouble  due t o  a r o a r  

when t r a v e r s i n g  these  roads  a t  c e r t a i n  speeds. We found it  d e s i r a b l e  

t o  d u p l i c a t e  those roads  i n  th i s  country so t h a t  p ro to type  c a r s  could 

be checked o u t  f o r  th i s  qua l i t y .  P l a s t e r  c a s t s  of s eve ra l  t y p i c a l  

s e c t i o n s  of t h e  German roads were made by  t h e  subs id i a ry  and s e n t  

t o  u s .  We i n  t u r n  proceeded t o  make a p l a s t e r  c a s t  of t h e  contours  

of  8 o r  10 of t hese  t y p i c a l  blocks f r o m  which g r a y  i r o n  c a s t i n g s  were 

made t o  use f o r  t h e  headers  i n  a r e g u l a r  cement block machine. These 

8 block p a t t e r n s  were then  l a i d  in a random fash ion  i n  two s t r i p s  

w i t h  concre te  foundations and curbs ia order  t o  prevent  s e t t l i n g  
e .  

and t o  main ta in  s t a b i l i t y ,  

The problem i n  spec i fy ing  the n a t u r e  of t h e  block elements was 

t o  o b t a i n  a frequency e x c i t a t i o n  which was n o t  t o o  sha rp ly  peaked 

w i t h  speed, such as would fol low i f  a l l  o f  t h e  ro'ad elements had 

t h e  same dimension i n  the d i r e c t i o n  o f  t r a v e l  o f  t he  car .  By 

randomly spacing t h e  8 d i f f e r e n t l y  s i z e d  and shaped blocks,  we were 

ab le  t o  ob ta in  a peaking q u a l i t y  q u i t e  s i m i l a r  t o  t h e  German roads. 

That t h i s  was a t t a i n e d  was determined by a comparison of magnetic 

0 

. 
t ape  record ings  made on the  German roads w i t h  s i m i l a r  t a p e  record ings  

made on the  domestic counterpar t , ,  



I n  t h e  automotive indus t ry ,  w e  

a r r a y  of e l e c t r o n i c  instrumentat ion 

f i n d  t h a t  i n  s p i t e  of t he  vas t  

a v a i l a b l e  commercially, we 

* s t i l l  have c e r t a i n  kinds o f  noises  which a r e  n o t  proper ly  evaluated 

by commercial instruments .  

road rumble, o r  road noise .  

One o f  t h e s e  t h a t  I might mention i s  

Although we have made a s t&t  t o  devise  

P. road noise meter,  C’CL” development i s  n o t  completed. Wnen w e  w i s n  

t o  compare the  r e l a t i v e  q u a l i t y  o f ,  say,  10 or  20 c a r s  a s  we do each 

year a t  t h e  Proving Ground, we s t i l l  depend upon a jury ,  o r  panel,  

t o  r i d e  these  c a r s  and eva lua te  them on an a r b i t r a r y  sca le .  

One d is turbance  which we have taken out  o f  t h e  unmeasurable 

ca tegory  i s  audib le  t i r e  thump. T h i s  i s  a c t u a l l y  due t o  the i n t e r -  

fe rence ,  or bea t ing ,  of two adjacent harmonics o f  wheel r o t a t i o n a l  

speed. To measure t h i s  d is turbance ,  we devised an instrument  c a l l e d  

t h e  T i r e  Thump Meter, shown i n  Figure 21, which b a s i c a l l y  measures 

t h e  s c a l l o p  o r  the  depth o f  the modulation, if you w i s h ,  of t he  

r e s u l t i n g  b e a t  envelope a f t e r  passing throuph a bandpass f i l t e r  of  

20 t o  70 cps. 

i n  D e t r o i t  i n  March, 1955, and i t  w a s  subsequently publ ished i n  the  

SAE Transac t ions ,  Vol. 6 3 ,  page 787 (1955).  

This T i r e  Thump Meter was d iscussed  a t  an SAE meeting 

These a re  the  problems of the automotive noise  and v i b r a t i o n  

engineer  which p resen t  a cmtinuous and i n t e r e s t i n g  chal lenge.  

f e e l  a k i n  t o  you i n  this  group who meet a s i m i l a r  flow of  n o i s e  

problems, with perhaps a s l i g h t l y  d i f f e r e n t  t w i s t  h e re  and t h e r e .  We 

We 

- a r e  as  proud a s  you must be ,  t o  belong t o  t h a t  r a t h e r  l i m i t e d  engineer- 

i ng  f r a t e r n i t y  dedicated t o  the r e l i e f  of  man from t h a t  raucous 

reminder of  a mechanized soc ie ty .  
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FIGURE 2 

GENERAL MOTORS CORPORATION PROVING GROUND SECTION 
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FIGURE 3 
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Figure 12 Disassembled Rear Leaf Spring Showing Location of Strain Gages. 
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Figure 13 Multichannel Amplifiers and Magnetic Oscillograph Used for 
Vibration and Strain Recording. 



Figure 14 Instrumentation of Rear Shock Absorber. Variables Simultaneously 
Measured Include Vertical Spring Forces, Axle Displacement, Shock 
Absorber Forces, Piston Velocity, Piston Displacement, and 
Hydraulic Pressures. 
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Figure 18 Electrodynamic Shaker Attached to Starting Motor to Determine 
Its Resonant Frequency and Mode. 



a 



c 
8 
6 
k 

0 
N 



I 


